Maintenance of immune tolerance critically depends upon regulatory T cells that express the transcription factor forkhead box P3 (Foxp3). These CD4 + T cells can be generated in the thymus, termed thymus-derived regulatory T cells (tTregs), but their developmental pathway remains incompletely understood. tTreg development has been shown to be delayed compared with that of CD4 + single positive (SP) thymocytes, with tTregs being detected only in neonatal thymi by day 3 after birth. Here, we outline the reasons for this delayed emergence of Foxp3 + tTregs and demonstrate that thymocyte apoptosis is intrinsically tied to tTreg development. We show that thymic apoptosis leads to the production of TGFβ intrathymically from thymic macrophages, dendritic cells, and epithelial cells. This TGFβ then induces foxp3 expression and drives tTreg generation. Thymocyte apoptosis has previously been shown to accelerate after birth, which drives increases in TGFβ in the neonatal thymus. We highlight a paucity of TGFβ in the neonatal thymus, accounting for the delayed development of tTregs compared with CD4 + SP thymocytes. Importantly, we show that enhanced levels of apoptosis in the thymus result in an augmented tTreg population and, moreover, that decreasing thymic apoptosis results in reduced tTregs. In addition to this, we also show that T-cell receptor (TCR) signals of different affinity were all capable of driving tTreg development; however, to achieve this TGFβ signals must also be received concomitant with the TCR signal. Collectively, our results indicate that thymic apoptosis is a key event in tTreg generation and reveal a previously unrecognized apoptosis-TGFβ-Foxp3 axis that mediates the development of tTregs.
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thymic Treg | phagocytes | TCR affinity T he thymus houses and controls the development of committed T-cell precursors to thymocytes to T cells. Within the thymus, checkpoints ensure that all T cells are capable of seeing antigen and can therefore contribute to an immune response (positive selection). In addition, carefully orchestrated mechanisms limit the pathogenicity that would be mediated by selfreactive T cells. First, those thymocytes expressing a TCR with high affinity for self are purged from the repertoire and undergo apoptosis (negative selection). Second, the thymus generates regulatory T cells (thymus-derived Tregs; tTregs), a CD4 + T-cell population characterized by their expression of the transcription factor Foxp3 (1, 2), which play vital roles in suppressing autoimmunity and in maintaining immune homeostasis.
Placing tTregs as a central player maintaining a balanced immune system means that the factors governing the expression of Foxp3 and tTreg development have received much attention. tTreg development is known to be delayed compared with CD4 + single positive (SP) thymocytes, with tTregs being detected only by day 3 after birth (3) . One major hypothesis that has emerged is that differentiation of tTregs is initiated upon recognition of high-affinity self-antigens in the thymus (4) (5) (6) . These data suggest that tTreg generation is TCR-instructive, yet other data have countered this, demonstrating that the higher frequencies of tTregs associated with cognate antigen interactions are due to reduced populations of non-Tregs (7). Thus, whether tTreg generation is a TCR-instructive process with a specific "quality" of TCR stimulus specifying the fate remains debatable. Notably, an exclusively TCR-instructive process cannot explain the lack of tTregs in the neonatal thymus until day 3 after birth. Indeed, delayed tTreg generation suggests the neonatal thymus lacks a Foxp3-inducing factor(s).
In concert with TCR, other signals have been shown to be important in thymic tTreg specification, including CD28 costimulation (8) and the transcription factors NFAT, AP-1, NF-κB, and Foxo1/3 (9) (10) (11) (12) . Cytokines also function in tTreg generation, with the common γ-chain cytokines, importantly IL-2 and TGFβ, both involved. A two-step model of tTreg differentiation was proposed, which suggested that high-affinity TCR interactions permit CD25 expression on CD4 + SP thymocytes and that IL-2-signaling then promotes Foxp3 induction (13, 14) . However, it now seems likely that IL-2 instead functions to promote both the survival and the proliferation of thymocytes differentiating into tTregs (15, 16) . TGFβ signals are vital for the induction of Foxp3 in naive CD4 + T cells (17) , but whether TGFβ plays a role in tTreg specification remains debated with studies showing that it is both vital (15) and redundant (18) .
One process overlooked in tTreg generation is apoptosis; all developmental processes in the thymus occur under a blanket of thymocyte apoptosis as negative and positive selection occur. Despite these high levels of apoptosis occurring in the thymus, apoptotic thymocytes are not easily found due to the extremely efficient uptake of apoptotic cells by thymic phagocytes. Monitoring apoptosis in the neonatal thymus, Surh and Sprent showed that thymocyte apoptosis suddenly accelerates after birth (19) , with few apoptotic thymocytes present in fetal thymus yet significant populations of apoptotic cells being present by day 2 after birth. One would envision that the presence of apoptotic cells, phagocytes, and the factors produced by phagocytes in Significance Thymus-derived regulatory T cells (tTregs) are vital to maintaining immune homeostasis, and as such the signals driving their development have been extensively studied. Despite this, a cohesive model describing tTreg generation and aligning all conflicting data has been elusive. Here we outline a comprehensive model controlling the generation of tTregs and show that tTreg generation is tied to thymic apoptosis. We show that the presence of apoptotic cells in the thymus drives the production of TGFβ intrathymically and that this cytokine then acts to specify the tTreg fate. Thus, our results reveal an apoptosis-TGFβ-Foxp3 axis that mediates the development of tTregs.
response to apoptotic cells may well influence thymocyte developmental pathways. Indeed, here we show that thymocyte apoptosis is intrinsically tied to tTreg generation. It is well established that sensing and uptake of apoptotic cells results in TGFβ secretion (20, 21) , and we show the activity of this pathway in the thymus. We demonstrate that TGFβ is vital for tTreg development, and, importantly, we demonstrate that tTreg generation occurs more readily in thymi with higher levels of thymocyte apoptosis. Our data reveal that thymic apoptosis induces TGFβ production intrathymically, driving tTreg generation. Acceleration of thymocyte apoptosis after birth (19) occurs on a time course preceding the emergence of tTregs and coincides with increasing levels of intrathymic TGFβ. Thus, thymocyte apoptosis leads to the production of TGFβ in the thymus, which, along with TCR engagement, induces foxp3 expression and ultimately drives tTreg generation. We therefore propose an apoptosis-TGFβ-Foxp3 axis that is responsible for the development of tTregs.
Results
TGFβ Is Required for tTreg Generation Not to Selectively Protect tTregs from Apoptosis. A role for TGFβ signaling in tTreg generation remains contentious. Previous data have indicated that TGFβ signaling is essential for tTreg generation (15) ; however, another study reported that TGFβ was instead required to specifically keep tTregs alive (18) . To better explore this issue, we generated Tgfbr1 f/f Foxp3-cre + mice to delete TGFβ Receptor (TβR) I expression following tTreg generation (Fig. S1 A and B) . If the tTreg deficiencies that result from the absence of TGFβ signaling were exclusively due to increased tTreg death, then Tgfbr1 f/f Foxp3-cre + mice should exhibit the same tTreg deficiencies. We examined tTregs in neonate and adult thymi of 
Tgfbr1
f/f Foxp3-cre + mice and importantly found no decrease in tTregs; instead, Tgfbr1 f/f Foxp3-cre + mice had similar frequencies of tTregs compared with controls (Fig. S1C) (Fig. 1A) . Inhibition of TGFβ signaling by intrathymic injection of anti-TGFβ led to a significant decrease in the frequency (Fig. 1A) and total number (control: 5,821 ± 1,253; plus anti-TGFβ: 2,807 ± 461; P = 0.0332) of Foxp3 + DO11.10xRag −/− SP thymocytes. DO11.10xRag −/− thymocytes were also sorted from recipient thymi 18 h after intrathymic transfer, and foxp3 mRNA expression was examined. TGFβ inhibition led to decreased foxp3 mRNA (Fig. 1B) To examine this in vivo, we intrathymically injected sorted double-negative (DN) thymocytes from Tgfbr1
CD4-cre + (control; f/+) mice into congenic wild-type thymi and allowed them to develop within the thymus for 12 d (a time point by which SP populations had developed). As DN thymocytes were transferred into wild-type thymi, this experimental approach provided a normal, noninflammatory environment in which transferred polyclonal thymocytes could develop. Twelve days following transfer of control DN thymocytes, Foxp3 + CD4 + SP thymocytes were present at frequencies normally found in wild-type thymi (3-5%) (Fig. 1 F and G) . Transferred KO DN thymocytes generated a similar size population of CD4 + SP thymocytes (Fig.  S1G ), yet these cells exhibited a dramatically reduced ability to become Foxp3 + , as determined by both frequency (Fig. 1 F and G) and total number (control DN transfer: 307 ± 59.9; KO DN transfer: 12.98 ± 3.16; P < 0.0001). Collectively, these data establish that TGFβ signaling is vital for the generation of tTregs.
Thymic TGFβ Expression Increases After Birth. Thymic tTreg generation is temporally restricted after birth (3, 15) , with few tTregs detected until day 3 after birth. As we have demonstrated that TGFβ is vital for tTreg development, we next asked whether this delayed emergence of Foxp3 + thymocytes in the neonatal thymus was due to a paucity of TGFβ at early time points after birth.
We examined levels of TGFβ activity within the neonatal thymus by staining thymus sections with antibody against active TGFβ1 [LC ] (25) . There was an increase in active TGFβ1 in the thymus over the time period from birth (E18.5) through the neonatal period ( Fig. 2A) . Although the thymic medulla regions are only beginning to coalesce and form over the neonatal period, from H&E staining (in particular by day 3) there was an indication that the areas rich in TGFβ1 activity were medullary regions. Indeed, this was confirmed by immunohistochemical (IHC) examination of adult thymus sections (Fig. S2A ). Enriched TGFβ1 activity in the thymic medulla is a vital observation considering that this is the thymic region in which the precursors of tTregs (CD4 + SP thymocytes) (22) are found, and which has also been shown to support tTreg development (26, 27) . Thus, our IHC staining indicates that the thymic medulla is an environment enriched for TGFβ1 activity and, more importantly, that intrathymic TGFβ1 activity gradually increases after birth over the neonatal time frame.
We also examined TGFβ protein levels by ELISA, and, in line with our IHC data, intrathymic TGFβ1 increased significantly over the neonatal period (Fig. 2B ). Furthermore, we examined the protein levels of TGFβ2 and TGFβ3 over the neonate period and found these also increased over this time frame (Fig. S2 B and C).
As CD4 + SP thymocytes are the immediate precursors of tTregs, we next examined TGFβ-signaling events in these thymocytes after birth. We examined levels of phosphorylated Smad2/3 (pSmad) in CD4 + SP thymocytes from 1-, 3-, and 5-dold pups. The frequency of pSmad2/3 + CD4 + SP thymocytes increased over this neonate period (Fig. 2C) . To further confirm that TGFβ signaling increased in CD4 + SP thymocytes after birth, we FACS-sorted this population from the thymi of day 1, 2, 3, and 4 neonates. We examined the level of Smad7 expression in these sorted thymocytes, as Smad7 is induced in response to TGFβ signaling (28) . After birth there was a gradual increase in Smad7 message, which was significantly enhanced by days 3 and 4 post birth in CD4 + SP thymocytes (Fig. 2D) . Thus, we saw increases in TGFβ in the thymus over the short period after birth and enhanced TGFβ signaling in tTreg precursors over this same time frame. Collectively, our data show that there are reduced levels of intrathymic TGFβ at early time points after birth, and highlight a gradual increase in TGFβ levels in the neonatal thymus after birth, which precedes the emergence of tTregs.
Thymocyte Apoptosis Increases Levels of Intrathymic TGFβ. Having demonstrated a vital role for TGFβ in tTreg generation and a paucity of TGFβ in neonatal thymus, we next wanted to identify the stimulus for TGFβ production in the neonatal thymus. We examined the role of thymocyte apoptosis in this process. Thymocyte apoptosis has been shown to accelerate after birth; at fetal day E18.5 few apoptotic cells were seen in the thymus, but by day 2 after birth populations of apoptotic cells were identified (19) . This timing in the induction of thymic apoptosis follows the same time course as the increase in TGFβ in the neonate thymus after birth (Fig. 2) . As it is well established that uptake of apoptotic cells by phagocytes induces TGFβ secretion from phagocytes (20, 21) , we hypothesized that thymocyte apoptosis, and consequent TGFβ production, might be the initiation steps in tTreg generation.
We tested this in adult thymus, asking whether induction of apoptosis could cause elevated levels of intrathymic TGFβ. We examined thymic TGFβ levels after administration of dexamethasone (DEX), which induces thymocyte apoptosis (Fig. 3A) , to wild-type mice and examined intrathymic TGFβ 18 h later. We saw increased intrathymic TGFβ1 protein following induction of thymocyte apoptosis (Fig. 3B) , as well as increases in message for TGFβ1, -2, and -3 (Fig. 3C) . Indeed, there was a positive correlation between mRNA expression of TGFβ1-3 and the frequency of apoptotic cells in the thymus (Fig. S3 ). In addition, TGFβ signaling was also enhanced in thymi of mice with enhanced levels of apoptosis, as we saw increased mRNA for Smad7 and TGIF1 [genes induced in response to TGFβ signaling (29)] (Fig. 3C) . Importantly, we FACS-sorted dendritic cells (DC) and macrophages from thymus following DEX treatment and saw increased message for TGFβ1, -2, and/or -3 in these phagocytes following enhancement of apoptosis (Fig. 3D) . We also FACS-sorted thymic epithelial cells (TECs) and saw increased levels of TGFβ3 mRNA in TECs from DEX-treated compared with DMSO-treated control mice (Fig. 3D ). These data suggest that apoptotic thymocytes trigger thymic phagocytes to produce TGFβ.
As IL-2 is another cytokine shown to be important in supporting tTreg generation, we also examined levels of IL-2 intrathymically following increases in apoptosis. However, unlike TGFβ, intrathymic levels of IL-2 did not correlate with levels of apoptosis nor increase over the neonate period (Fig. S4) .
Next we used other methods to induce thymic apoptosis to determine the generality of thymic apoptosis in driving TGFβ production intrathymically. We exposed mice to γ-irradiation (Fig. 4A) , or administered anti-CD3 (Fig. S5A) , both of which induce apoptosis in the thymus. In both cases we saw increased intrathymic TGFβ levels in mice that exhibited enhanced levels of thymic apoptosis (γ-irradiation, Fig. 4 B-D; anti-CD3, Fig. S5  B and C) . Thus, these data suggest that enhanced thymic apoptosis leads to higher levels of intrathymic TGFβ.
To directly assess whether thymic apoptosis was responsible for this enhanced intrathymic TGFβ, we examined TGFβ levels in Bim −/− thymi following induction of apoptosis. Thymocytes in Bim −/− mice are more resistant to apoptosis as Bim is a proapoptotic factor (30) (Fig. 4A) . We found that the increased levels of thymic TGFβ seen following γ-irradiation were indeed due to increased apoptosis; TGFβ1 protein levels did not increase as much in Bim −/− thymi compared with control thymi following γ-irradiation (Fig. 4B) . This was also true for mRNA levels of tgfb1, -2, -3, and Smad7 in whole thymus and tgfb1 mRNA in sorted thymic macrophages (Fig. 4 C and D) . Therefore, in response to apoptotic stimuli, intrathymic TGFβ was reduced in Bim −/− thymi compared with control thymi (γ-irradiation, Fig. 4 ; anti-CD3, Fig. S5 ). Collectively, our data indicate that thymic apoptosis stimulates production of TGFβ in the thymus.
Thymic Apoptosis Promotes tTreg Generation. Having demonstrated that increased thymic apoptosis caused increased levels of intrathymic TGFβ, we next examined whether alterations in thymic apoptosis could affect tTreg generation. To do this, we experimentally altered levels of thymic apoptosis to determine whether apoptosis, and subsequent TGFβ production, influenced tTreg generation. First, we performed these experiments in the adult thymus, asking if increased levels of thymic apoptosis could promote tTreg generation (below). Second, we altered thymic apoptosis in day 1 neonates, which contain no tTregs (Alterations in Thymic Apoptosis Affect tTreg Generation in Neonatal Mice).
We generated mixed bone marrow chimeras in DO11.10xRag
−/− mice reconstituted with 75% DO11.10xRag −/− and 25% BALB/c bone marrow. Sixteen days after reconstitution chimeric mice received either 2 mg ovalbumin (OVA) or PBS intraperitoneally. Foxp3 + CD4 + SP thymocytes were examined 5 d later, a total of 3 wk after reconstitution (Fig. S6A) ; tTregs were assessed 3 wk after generation of chimeras to examine the Foxp3 + cells in a setting most similar to that in neonates. OVA administration induces apoptosis in only DO11.10xRag −/− thymocytes. We wanted to determine whether increased apoptosis of DO11.10xRag Fig. 5 A and B) . Thus, we demonstrate that a thymic environment with higher levels of apoptosis promotes the generation of a larger population of tTregs. , and Smad7 in whole thymi; results are presented relative to unirradiated control of same genotype. Data represent three experiments, apart from in C, which represents two separate experiments. Error bars represent mean ± SEM. *P < 0.05, **P < 0.005, ***P < 0.0001 (unpaired two-tailed Student t test).
Next, we used another experimental system to examine the positive effect of thymic apoptosis on tTreg development. Administration of cognate antigen to TCR transgenic mice on the Rag −/− background induces tTreg generation; indeed, administration of titrated doses of OVA to DO11.10xRag −/− mice led to a corresponding graded increase in tTregs (Fig. S6B) . To test whether increases in thymic apoptosis could influence tTreg generation, we used a dose of OVA that induced few tTregs: 0.02 mg OVA. We examined the frequency of tTregs generated following administration of 0.02 mg OVA versus 0.02 mg OVA plus an apoptotic stimulus; we used low-dose γ-irradiation. Generation of tTregs was enhanced following OVA plus γ-irradiation compared with OVA alone, both in terms of frequency (Fig. 5 C  and D) and total number (OVA alone: 100.4 ± 44; OVA+RAD: 629.3 ± 165; P = 0.0196). Therefore, we demonstrate that, by enhancing thymic apoptosis, increased populations of tTregs can be generated. Collectively, our data indicate that an enhanced frequency of apoptotic thymocytes augments tTreg generation.
Alterations in Thymic Apoptosis Affect tTreg Generation in Neonatal
Mice. Having examined the link between apoptosis and tTreg generation in the adult, we next returned our studies to the neonatal thymus, an environment initially containing no tTregs. We determined whether manipulation of thymic apoptosis in neonates could affect tTreg generation. As few tTregs exist in the thymus before day 3, neither intra-tTreg competition nor increased tTreg survival would account for any differences seen. Instead, differences observed would be attributed to tTreg induction, and we could test our hypothesis that thymocyte apoptosis, through induction of TGFβ, drives tTreg generation.
Neonatal mice received 150 Rad of γ-irradiation on the day that they were born. After 24 h, increased frequencies of apoptotic thymocytes and enhanced levels of TGFβ were seen in the thymi of irradiated neonates (Fig. S7 A and B) . Notably, 4 d later, there was a significant increase in tTreg frequency (Fig. 6 A  and B) and total number (Fig. S7C) in the thymi of neonates that had received γ-irradiation compared with littermate controls. Thus, by increasing the frequency of apoptotic thymocytes early after birth, a larger population of tTregs was generated.
We next ascertained whether decreased levels of apoptosis in the neonatal thymus would result in a reduced tTreg population. We first examined tTreg generation in a simplified in vitro FTOC system by culturing FTOC in the presence or absence of the caspase inhibitor Q-VD-OPh (OPh) (31) , which inhibits apoptosis. In this in vitro setting, addition of OPh, and inhibition of apoptosis in these cultures, led to a reduced tTreg population (Fig. 6 C and D) .
Next, we used the caspase inhibitor OPh in vivo and administered it to neonatal mice daily from the day they were born until day 5. Strikingly, inhibition of apoptosis over the neonatal period led to a decreased tTreg frequency ( Fig. 6 E and F) and total number (Fig. S7D) .
To further examine the effect of thymocyte apoptosis on neonatal tTreg generation, we examined tTreg generation in neonatal Bim −/− mice. As Bim −/− mice exhibit reduced thymocyte apoptosis (30), we queried whether, at early time points after birth, these mice would have a reduced tTreg population. Indeed, the Foxp3 + tTreg population in 3-and 5/6-d-old neonatal Bim −/− mice was significantly reduced compared with that of littermate controls, both in terms of percentage (Fig. 6G ) and absolute number (Fig. S7E) . These data show that in the neonatal thymus during the time period in which tTregs first start to develop, alterations in thymic apoptosis influence the resultant size of the emerging tTreg population. Collectively, we have shown that by altering apoptosis in the neonate thymus, and consequently intrathymic levels of TGFβ, generation of tTregs can either be augmented (more apoptosis) or reduced (less apoptosis). These data support our hypothesis and suggest that an intrathymic apoptosis-TGFβ-Foxp3 axis mediates tTreg generation.
tTreg Generation Following Encounter with High-and Low-Affinity Antigens Is TGFβ-Dependent. Our data could align previous disagreements concerning the role of TCR affinity in tTreg generation. They suggest that high-affinity TCR interactions could promote tTreg generation as a result of the fact that these signals cause negative selection and thymocyte apoptosis. This would allow for the generation of tTregs via the apoptosis-TGFβ-Foxp3 axis. We tested the ability of peptides that have different affinity for TCR to drive tTreg generation by using the 5CC7xRag −/− TCR transgenic. When TCR transgenic cells were intrathymically injected to wild-type thymi along with peptides of increasing affinity, all of the TCR signals induced Foxp3 + 5CC7 thymocytes (Fig. 7 A-C; K5 = high, pMCC = medium, 102S = low affinity). Moreover, when TCR transgenic CD4 + SP thymocytes that have a higher affinity for cognate ligand (SMARTAxRag −/− ) were cotransferred with CD4 + SP thymocytes that have a lower affinity for cognate ligand (OT-IIxRag −/− ) (32), both were equally capable of differentiating into tTregs (Fig. S8) . Thus, in line with previous reports (33) , TCR signals of different affinity can drive tTreg generation, yet TCR signals certainly play important roles in tTreg differentiation, as it should be noted that, although peptides of different affinity drive tTreg generation, they differed in their abilities to do this (Fig. 7 A-C) . Importantly for the data presented here, inhibition of TGFβ signaling led to significantly decreased populations of Foxp3 thymocytes irrespective of TCR affinity (Fig. 7 D-F) . Thus, although TCR affinity is important in tTreg generation, the resultant TCR signaling must occur in a TGFβ-rich environment for the tTreg fate to be specified.
Collectively, our data show that within the thymus the presence of apoptotic cells drives TGFβ production, which then specifies the tTreg fate. Reduced levels of apoptosis in the neonatal thymus result in reduced levels of intrathymic TGFβ, which are insufficient to drive tTreg generation. Thus, we outline an apoptosis-TGFβ-Foxp3 axis that governs tTreg generation.
Discussion
During thymocyte development, differences in TCR signaling drive cell-fate decisions. TCR signaling is resolutely required for tTreg generation, and although there is much data suggesting that tTreg generation is a TCR-instructive process, it is clear that TCR instructions are not the only ones driving tTreg fate. Here we propose that TGFβ, a cytokine whose role in tTreg development has been debated, is a dominant factor driving tTreg differentiation. We show that, in the absence of TGFβ signals, Foxp3 expression in CD4 + SP thymocytes does not occur, resulting in failure to generate tTregs. This conclusion is most strikingly demonstrated by our experiments using FTOC and intrathymic transfer of DN thymocytes. Here, Foxp3
+ thymocytes failed to emerge in the absence of TGFβ signals, confirming that TGFβ is indispensable for tTreg generation. Previously, it had been reported that TGFβ plays no role in tTreg specification but was 
Foxp3
+ thymocytes were examined in the thymi of day 3 (n = 8-10) and day 5/6 (n = 10-15) Bim +/− (control; white bars) and Bim −/− (KO; black bars) neonates. Error bars represent mean ± SEM. *P < 0.05, **P < 0.005 (unpaired two-tailed Student t test). instead important for keeping tTregs alive (18) . Although TGFβ plays vital anti-apoptotic roles, this role is not limited to tTregs, and most thymocyte populations show increased apoptosis in the absence of TGFβ (34) . Indeed, our data from mice in which tTregs lack TβRI expression would preclude a simple anti-apoptotic role. Additional data that argued against a role for TGFβ-Smad signaling in tTreg generation came from mice lacking an enhancer of foxp3 gene expression [conserved noncoding sequence 1 (CNS1)]. The CNS1 contains the only consensus Smad-binding sequence in the foxp3 gene, CNS, or promoter regions, yet CNS1
−/− mice exhibited normal tTreg frequencies (35, 36) . These data suggest that Smad proteins do not directly drive foxp3 expression, but do not exclude a role for TGFβ signals; other factors downstream of TGFβ drive foxp3 expression including Tak1 (37), Runx1/3 (38), TRAF6 (39) , and E2A (40) . In addition, Smad proteins may interact with other transcription regulators to cause transcriptional changes, occurring in the absence of Smad DNA binding. Indeed, the precise molecular events downstream of TGFβ required for tTreg generation await further elucidation.
Our data provide a model to explain why tTreg generation is delayed compared with CD4 + SP thymocytes, as we show that there is a paucity of TGFβ in the neonatal thymus. Our data indicate that the key stimulus for intrathymic TGFβ production is thymocyte apoptosis. Thymic apoptosis increases after birth over the neonate period (19) . Our data show increases in intrathymic TGFβ levels over this neonatal period. Importantly, we show increases in intrathymic TGFβ in response to thymic apoptosis, something not seen for IL-2 [a cytokine important for tTreg survival (16)], highlighting the specific capability of thymic apoptosis to trigger TGFβ secretion intrathymically. We confirmed a causal link between thymocyte apoptosis and tTreg generation by manipulating levels of thymic apoptosis and examining the resultant Foxp3 + population. Both in the adult and, most importantly, in the neonatal thymus, we show that increases in apoptosis result in larger populations of tTregs. Conversely, lower thymic apoptosis results in reduced tTregs. Importantly, we show that neonatal Bim −/− mice, which have reduced thymocyte apoptosis, have reduced frequencies and total numbers of tTregs compared with littermate controls. Interestingly, this decrease in initial tTreg specification is masked in later life as adult Bim −/− mice have more tTregs due to enhanced tTreg survival (41) . We suggest that induction of thymic apoptosis and subsequent production of TGFβ drive differentiation of tTregs. This model of tTreg generation accounts for the delayed development of tTregs compared with CD4 + SP thymocytes, something that current models of tTreg generation cannot do.
The apoptosis-TGFβ-Foxp3 axis could also explain the link between high-affinity TCR signals and tTreg induction; highaffinity TCR signals initiate negative selection and apoptosis. Induction of thymocyte apoptosis by high-affinity TCR ligands would create a TGFβ-rich environment that would promote tTreg generation. This raises questions of whether high-affinity TCR interactions directly drive tTreg development or whether they result in increased levels of apoptosis and, subsequently, in increases in intrathymic TGFβ. Recent studies have shown that a broad range of TCR affinities can induce tTreg differentiation (33) , suggesting that TCR affinity itself may not be the primary determinant for tTreg generation. In addition, this same study showed that the efficiency of tTreg generation was positively correlated with affinity, as other TCR-dependent processes are. So tTreg induction could be a readout of the ability of peptide-MHC complexes to activate TCR sufficiently. Yet, there are much data showing that induction of tTreg fate is favored by high-affinity TCR signals (42) . What our findings importantly demonstrate is that tTreg generation, similar to that of other agonist-selected T-cell populations [invariant natural killer T-cells and TCRαβ
+

CD8αα
+ intestinal intraepithelial lymphocytes (34, 43) ] is also exquisitely dependent on TGFβ.
Interestingly, our data indicate that TGFβ activity is not diffuse throughout the thymus but enriched in the medulla. Our data therefore localize factors vital for tTreg generation to the same thymic environment; the medulla is the location of tTreg precursors (CD4 + SP thymocytes) (22) , medullary TECs (27), apoptotic thymocytes (44), and we show that it is also enriched for TGFβ1 activity. Our data suggest that the medulla possesses a heightened ability to activate TGFβ and raise interesting questions about the mechanisms controlling TGFβ activation in this region. As such, future work should address whether activation of thymic TGFβ is mediated by enzymes, integrins, or by certain antigen presenting cells in the medulla.
Most importantly, our data show that thymic apoptosis and generation of tTregs are connected. By limiting the generation of selfreactive thymocytes through negative selection and subsequent apoptosis, the thymus acquires the stimulus necessary for tTreg generation-TGFβ. Thus, our data intrinsically link induction of thymocyte apoptosis and differentiation of tTregs. Phagocytes modulate their function when encountering apoptotic cells, creating an anti-inflammatory milieu, chiefly through the secretion of TGFβ (20, 21, 45) . Here we describe the activity of this process in the thymus and show elevated message for TGFβ1, -2 and/or -3 in DC, macrophages, and TECs following increased thymic apoptosis. Thus, we propose a model for tTreg generation in which thymic apoptosis, through the induction of TGFβ production, leads to the development of tTregs (Fig. S9) . We suggest that tTregs are not found in the neonate thymus before day 3 due to a paucity of TGFβ. Increased thymocyte apoptosis after birth accounts for the increasing levels of intrathymic TGFβ over the neonate period and emergence of tTregs at day 3. Thus, we uncover a previously unrecognized intrathymic apoptosis-TGFβ-Foxp3 axis that is responsible for the development of tTregs.
Materials and Methods
Mice. C57BL/6, CD45.1 (C57BL/6), BALB/c, and Bim −/− mice were purchased from the Jackson Laboratory. DO11.10xRag Flow Cytometry. Cell were stained with antibodies from eBioscience and Invitrogen. Foxp3 expression was examined using the eBioscience Foxp3 Treg kit. Intracellular pSmad staining was examined immediately after mechanical disruption of thymi by immediately fixing cells in eBioscience Fix/Perm overnight. The next day cells were stained with pSMAD2/3 (Cell Signaling) followed by secondary fluorophore-conjugated antibody and surface-stained. Samples were analyzed using an LSRII or FACSCalibur flow cytometer (BD Biosciences) and analyzed using FlowJo software (Treestar).
FACS Sorting. Thymocyte populations were sorted following staining with CD4, CD8α, 7AAD, CD25 (7D4 only), and KJ1-26. For cell sorting of macrophage and dendritic cells, thymi were first digested in Liberase TL (Roche). TECs were isolated as previously described (26) . Cells were sorted on a FACSAria II or III (BD Biosciences).
In Vitro Generation of tTregs. CD4 + SP thymocytes (CD4
were FACS-sorted from Foxp3 GFP mice and cultured as previously described (24) . TGFβ inhibitor SB431542 (5 μM; Selleck Chemicals) or DMSO and anti-TGFβ (50 μg/mL; 1D11) or isotype control (50 μg/mL; MOPC21) were added for the entire culture period.
Real-Time PCR. RNA was extracted from thymus or cells and reversed-transcribed. Quantitative PCR was done according to the protocol of TaqMan gene expression assay kits (Applied Biosystems). For Tgfbr1 detection in cells sorted from Tgfbr1 f/f Foxp3-cre + mice, previously described primers were used (15) .
ELISA. Thymus samples were lysed in defined volumes of buffer and protein concentration of the supernatant determined. Quantification of TGFβ1, -2, and -3 was determined using TGFβ ELISA kits (TGFβ1: Promega; TGFβ2 and -3: R&D Systems) by loading equal amounts of protein.
Generation of Bone-Marrow Chimeras. Bone marrow was isolated from mice and depleted of T cells using anti-CD90 beads (Miltenyi Biotech). Cells (∼5 × 10 6 ) were then injected i.v. at the indicated ratios into irradiated hosts.
Immunohistochemistry. Thymi were formalin-fixed and embedded in paraffin. Sections were cut and antigen retrieval performed. Staining for active TGFβ1 was done using the antibody LC(1-30) (25), and detection was performed using the immPRESS anti-rabbit reagent kit and ImmPACT DAB kit (both Vector Labs). Slides were scanned by an Aperio ScanScope (Aperio Technologies).
Statistical Analysis. Unless otherwise noted, statistical analysis was performed using the unpaired two-tailed Student t test in Prism (GraphPad).
